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A systematic study of reaction mechanisms at :rl+qrmedlate energies (50 100
MeV ,4) has been performed at the Lawrence Berkeley Laboratory’s BeVal.~c usInq
mec!ltim weight projectiles on medium and heavy element targets, A gas and l~lc~s~ic
phoswlch detector system was employed wnlch gave large geometric cover;~g[~ ,Ir’d
a wide dynamic response. The particles Identlfwd with the gas detectors could b~’
character-lzed Into three compor?ents Intermediate mass fragmerlts II MF~. fI’L,\;IOII
fragments (FF) and heavy residues IHR) Major obser”~ed features (Ire the fv’lcl:o”
ylt?!dsare slmllar in the 50 to 100 MeV A range, cuntral colllslor~s II;IVI: tllgtl
multiplicity of ltvIF’s with broad angu!ar correlations consltent with a l.~rgc pdrtlc:~,lllt
region, t?f!scts of final state coulomb interactions are observed and qIv(I :’lforF’’,ltloF1

on the size and temporal beht~vlor of !!II” sourcu tr’ue flsslon vleld$, ,lIt I dVL)IIP(I!IIT~ 01:

t:irget flsslllty and correl~lted w’t’l rt’lativl!’y pt?rlphl)r,.11coil IsIo~Is ArI, IIy L,. [:’ ‘ ,’ (I
Clnd evapor]tlon yields !Inpl:t)’. llr,ll~lrlq ~-t~ndlfluns for whi(.;t! fl<~i~)~ldI.11,1~ ~lll-l,lll’. I

Vt,lblt! dwxcl!;ltlon charm (’1
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~egl~e wn:cn :crslsw 0! a mere saa~:al cow:atmn of esser?!’al’y !nalvlcu.l fiuc PO-S
S’nce mis !S a Vansltlon reg:an, a W!CW varety of reaction p“oauc!s s oDtalr’ec As a

co!lecrwe deexcnanon channel. flsslon plays an Important role In these ,T:vesRKJLi:’cPs m

DrOVldlflg Intormatlon on the StatlStlCal aspect of the reaction Various S!ua’es” s “a}/&

Deer! perforrnea In this region swdymg me reaction channels Ger-rera~COPCIUSIOPSS’”’OW
a :arge yleid for produc!s In the flsslon mass region and Indlcatlon !or ilmmrwgrno~e~!~;-v
transfer for systems which lead to f’sslon decay At the In!ermedlate energws, w%+w
!he Drolectlle nucleons are near tne Fermi veloclty of bound nuc Ieo!Is. :or!’’b~!:o’?s t~ri:
observed f’oImboth StatMCal and nucleon nucleon Interactlcn modes in O.;r
exDer:ments. !Isslofl IS Jsed as the primary measure o? !ne co’”eel’ve mcul’r.l!~l?
~eh~vlo~ of the e~clt~d system, while e~,ergetlc n~~l~on eml~~,~m ~r~.~,~~i,~.FI*~F.-=,~:,AII

Or the inltlal stage col!lsion process. In addltlon to these decay Cnaflf?b s ‘-ere :s a A’nA.I

yield for the product,o~ of !ntermedlate mass fragme~!s (lMF~ T~TestI ures-o”sabv C.irrv
!nformatlon on ?he !hermal and spatial pro Derlles of the source region a.nC f10$5.DIy 0“’ .I

Iquld vapor n~c!ear matter phase transition

2 EXPERIMENTAL

The experimental challenge fa,ced In this field IS to be able to measure an extrev-~y
wide range of InteractIon products with suftlclent geometrical coverage tc obtw!l tl’u
Important correlations between decay products. Relatweiy slow mowrg ~Ignly Ionlz:nq
fission products and targel resdues must be recorded .sImultaneously with low Ionlrlrlg

.

intermediate mass fragments and even lower Ionlzmg hydroger, NId ht!lllum‘sotop~’~,
For this purpose we have designed a “logarlthmlc” array, which we !lavt: “Tawt!d !~IV
“Pagoda”, conslstmg of gas and sclntlllator components (the system !S descr :bed IIII??OFU
detail m reference 6). Figure 1 presents a schematic diagram of the final ccnhgur,l!:ul’
used In the experlrnent, It consls!ed of eight gas detector assemblws each ot WIIICtI
covered 1 7 ‘.o of 4 x (total = 13.5 ‘~ of 4 m. There were four active r!?glorls III e,~cll q,Is

~~odule The first was an 8 cm x 16 cm rnultlwlre proportional countur [MWPC I oL)w,IIIPd
i!’ an “Inverted Breskln”; configuration It prowded Incident Dartlcle pcsltion Infr]rmatlorl
Ithrough wtres connected to tapped delay Ime read outsj 10 an accuracy of better thwl f
mm and a fast tlrnlng Signal { .. 400 pSeC FWHM). The second regl~ll WaS ~ propurlmlld!

counter that was operated IrI the same 2.5 Torr Isobutane gas envlror’n:onl ,IS ttl(’
MWPC’S It was electrically Isolated from the multlwlres by thlrl alumlrllz~!d poIvIjmDyIII~l[!
wmduws (40-50 pgmlcm;~ coated with 10 pgrn crn~ Al) and qavw Ilnew rmcrqy ‘(!’;porl.tl!
for trmsverslng Ions navmg losses s200 koV The third Wil!i imotllt!r IvIWP(; i I t; {.:rll ~
1Gcr:l; located 18 cm behind the first ,Ind provided SIIIIIli If posltlor; ,Irld !IIIIIIM1 IIP~,pt)I151!

,15 tile frorlt counter. lhu fourth was A 20 cnl duep wlwiltwl ctlilmt.)(’r Itl, il w, I:, I:;(Il,IIII~!
from tll[! torw~lrd portlor]s of th{! d~t~+ctor by II wirr; rn(!:;ll SLIppO” :IKI ;.’()() Il(lrl) (:111”

,Ilurllmmlcf rnylilr foil 1Ilt) Iorllz;illorl chilmbt!r w, I:; opw~~ted WIII1 (Ii .1 :11tll~’ ‘)1) .{()() I(IIF

r,lrltiltp Ekhmd ttl(p tront SIX (~il~i rnmliik wiIq ,~rl ,lrr,ly of ptm!;wlt:ll dII!I II !IIII. 111tIIII
Ilrl,ll (;orlfl(~uri ltlor]” [;~s pr(?~!)rll(l~ Irl ~.Iq 1 ), ttl(~r(; wf~f[~ !I.II(f(!rltl[:,ll Ilrlll’, 1111 I ~ { ,lfl,~v,,

t)[~l~lrld tll[J qns rnudult~!;) t!tIL:l I bIIIIlq ,1tr~ilw~twf pvrilrlll~l llI,It :.,t,lrtlvi II() I:! I fI[)III 1):1*

IIlrqf!t pmltmrl I Iltq r!ludult!!: (;orlsi’;t[:d of 1 rllrll fll’,;l l131(:r[)rl lI(;’I 1;’) ;’(; (.1!’ Ill[)w 11111‘IIrl
H(A-141 pliIslI(: wtll(:tl W(!I(I (q)tl[:,illv IS(mplixi wIlll 111111111lI(ltIl (IIII(lI!I; lo ArllJjl’r~’* I Xl’

,’:’(~:’ I I III (II !Illrll,lrllilt’,ll II{; ’l!PII ~)tl[~t(]tlilu”l It Ii’ ‘.V’I:III!’ IVIII; I ,111.11)111I~f FII’lIII\’lll

IIv(lroqtlfl ,f;()~()l)f, 111111~,,1!1(1,,1Jtf,l Ill flf, y !Ill( b ![) I,I[)J) :’()() M’v Illolil’”. l’lllfl!r!#4#,l~l! I(I ,,
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FIGURE 1.
E\perlme~tal ronhgurahon A) top view. BI single Pugoda module duf.1,1

~wrays were placed IP a vacuum cnamber wmcn attached directly to the back of [Ile IUII

chamber Thus for these modules. there was no additional window In?roduccd .Incl
particles having w lergles m the 24 MeV A r~mge would be detected In the ftwit ~lil~ti[:
The next two more backward gas modules wel e not IrI vacuum and were uziola!ed fro!”
the :on chamber gas volume by a O 9 mll mylar window I-his resulted m ralsinq th!

ae!cctlon threshold for particles re~chlng the fast plastlc [o 6 7 MeV A
A forward phoswlch hodoscope WASalso included in fhe pagoda systurn It cml:ilslcd

u’ ,15 x 7 w ray with ttw center olenlwl! rwnoved for tile exl!lng bcwrn. E,wh wndg(:
shcaped module had 1 mm tast 40 cm slow plastic regions and subtended 4“ In both !11!!x
and y cllrectlon The to!al array had an angular coverage range of 121] 10~)Ilorlzont,dly
ilnd 12~114“ vertically. lube Ham;m,ltsu photolubes (R580) were locc~ted reside tllu
torw~lrd ViKUUITl wedqe. T tl~’ 40 (:r~l slow pl,wtlc rqlorl wmi ‘Ti~ifflcluntly ttlluh h) SILJI)

prctons of mwr 250 MeV
Ttlu cul~log signals from all detector modules were proce%wci ilrlci ciqltlzml u:;I:lq

t:ornm[vcmlly avmlable eklrorlw:; Ttl[p CAMAC wqnals WUIU Intwfmwd Vlil Vr.ll lrll~) I

VAX t:c)mputcr systmn for or~llrlt; ITmrlltorlrlq ;Irld Iorq lt~ml nl,~qrl~~tltt tilp(’ rl’(:oldlrll’ III

..iddllmrl. voltaqt% ml qas pressurt.% ot dl’terk~r rnmluks wor[’ c~)rltlrllmli~ly (I II IIli:II[l ,Irl(i

Illl)rllt(:)ll,ll A t~t;ll of 1~ dlff~jrplll trll; qpr !ypt~.+ wtlrl, lj!+[~d to Illltl,ltll tll(~ ~j,lt,l 1[.~lljl,,l~tf)r~
. .

‘iy!itl’r’l ilflti Uf) tt) 40;) Ir]dw;dli,il ,Irlclllvl ‘,lgrlill’; w(!f(~ ,Iv,lll,lt)ll’ to I)fl ‘,,lrl)~)lo(i If! 11,11 l!



100 MeVA Nb +Au ‘ Nb+Au– sX+LP, E A=75 MeV ~

.

Flsslon
~. fragments

-Residues

\

~.:, , ~

‘-’7%’’.., ‘ -

&. ‘ ‘-””“ . ,*” ‘. “ ‘J,..<{- ,
-’ , ----
~. ““-- IMF region

..——.——
0 100

MWPC TOF {ns)

FIGURE 2
Two dimensional presentation of the front
proporhonal counter data correlated wIln the

transiting particles time of f!ight as obtained m
the MWPC’S Areas of Interest are Identlfled

Y= HR(@), IMFIo), FF(::J _:
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FIGURE 3
The average yield of light charged parlcies
measured in the phoswkh detectors [for the
three mdlcated heavy reaction proddct types)
w [he angle of the detected heavy produc!
The arrows on the right show the mean I:gtll
parlcle multlpllcltles for the cases whew two
heavy products (IMF x FF or FF x FFI .ue
recorded m tt_,egas detectors

!~

FF

of the hodoscope elements and of the arrays behind the gas modules, The gas dt?!~’ctors
required a more concer[ed effort to obialn adequate calibrations, All gas units were g,a IrI

matched using a ~~LCf spontaneous flsslon soLlrce Instrad of relylng on range er’ergy
loss codes, we have emptrlcally established matrices. based on our callbratlons, for

Identltylnq t;le Z and E or Ions transverslng the gas detectors. Fqure 2 presents t?u
proportiorlal counter signal versus the particle tlmc (,J! flight between the MWPC”, ,IIId
shows the system response for the higher Ionlzlng partlcies,

3 RESULTS AND DISCUSSlON



eke~!s are associated wI?h s~ali ‘Igm!va’gea Damcie ~u;::p.c.!es co-s SW-! vw !he

asstimptloc o! the rnoaes: excltauo~ energy :-al wou!a De deDosltec! ir a more Der:phe’al

c@!lls,o~ However, !he IMF-FF data snows a multlpllci!y approximately a tactor of !tlree
:arger thar !hat for FF-FF cases. We belleve that rhese coincidences are the resuu of
violent collisions IP which a “eSKfue :s ‘e? in the !IssIon prociucl mass ‘anqe. Dtit ;-at tn.s
proauc! lS not from a mnary fission decay.

Figure 4 gives add[tlonal InformalIon regarding the centrality of the reactions.

The datd ara from the Nb + Au reaction at 50 MeV A and present observed correlations
between the heavy element groups In Ine gas detec~or systwm and the coincident charged
pafllcle having the highest Z that IS seen In the hodoscope. In the !OP portion of the
rlgure, the three panels present the yield of the hodoscope ZmaXdistribution that is In

coincidence with sngle events of the three reaction components. For the IMF yield
(top middle panel! the dlstributmn is exponentially falllng as Z Increases - thus Indlcatlng
nard central colhslons that leave little, If any, projectile residue. For the HR comcdence

(top rlgnt panel) the Z dlstrlbutlon peaks at some Intermediate value and shows that
reactions leading to heavy residues are associated with mtermedlate reactions that still
Dresewe slgnlflcant portons of the projectlie, The FF coincidences (top left panel) we a
blmodal dlstrlbutlon of Z products m the hodoscope, T~.e peak at high Z values IS f sr
peripheral mteractlons m which the projectile remains largely Iruct. However. the
secondary peak associated with low Z values IS the result of more violent collisions.
We be!leve, as discussed above, that these events should not be associated with true
binary freon. but are a resultant of a more wolent collislon in which a residue IS left m the
flsslon product mass range. The bottom portion of Figure 4 corroborates this assumption.

When we look at the Z yield associated with events m which two fission mass nroducts
are recorded we see a correlation with only high Z yield in the hodoscope. These events
are exclusively associated wlttr reactmns In which a large porhoc of the prGjectlle remams

Intact. The other two bottom paneIs show that If IMF’s are In coincidence with more heavy

element components the hodrxcope Z YieldISsubstantially decreased and, therefore,
associated with more wolent colhslons,

The effect of bombarding energy on product yield IfI the gas counters for the Nb + Au

‘eactlorls ISpresented In Figure 5. Tho IMF yw!d IS dommate. and hds an integrated ywld
corresponding to an = 8 barn cross sectml; “l-he main feature of note, however, IS the
relatwely weak dependence of the yields w!;!I nomhardlng energy, From this we conclude

that the onset of IMF production occurs at bombarding energtes below those we have
studied. If we look In detail at the folchng drlgh+s between binary fmlon products
observed for the three Nb + Au reactlo~s iFlgure G) we can obtain Information On the
momentum transfer associated with reactions tvhlch lead !O flssmn The mean folcilnq

,]rlgle IS seen to bc Increasing as the pro]ectlle energy IS rwsed from 50 to 100 MeV A

“TIlls gwes a mean momentum transter decrease trom 1 5 to 0,9 GeV c wl!h the
;rl~reasing projectile energy. If we, as a simple appr~xlmatlon, .Iscrlbe I!le momentl~m

Iransttgr to rhc i]bsor~hon of lrldlwdual rlucleons of !he prolectllu, ttwn tlIe otnserw?d It?:;LJlt:i

WOUI(I be consistent with a most ~robi~ble exc:tqlmn urwlgy t)t zoo :~~)()MI.IV 11,)1‘!ii(:lt!l

tolfvixj 111this r(!;lr3mrl that undf!rqn tlssmr~

TIIII (xmrmlcit?rlt blrlilry prc)dw:! (;It):;:, I; I.II:lmn:; (wlttl ttl(l rqliirr~rlll..~rll !htlt !+[l(:ll ;N(ld m’!
~’,1’.A “ 4(II tuI ttl(~ r+qiu:tlorl 1t! , A~i ,It 100 M~?\/A ,Irl’ prest!rllld II) 1 lqilf~’ ; ,11, ,1 flrll:!:(lr:

,11 f~ll, ,llor~l(,r.ltlll?l ~;,lr;~lll!l ~1~ ll?~~ hi!, IITl ;IXI!; (:,lrrl[!l:i h~ III(I !;llrl’ I)f ~)otll ~J1[~llll(:!’I 1’,, [1,1!,1

‘“IIVI’ ‘l’III!V tI!lll UI I!!; (:orl’+l~tll’l~! wilt I 1~1OLtII IIXIN.II:!lVI !IUI’I IIr. )IFII I! ~lll’l!I)I! fiIII ,Ij
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FIGURE 4
The ratio of comcldent to singles spectra m
the hodoscope for the indicated heavy element
component vs the maximum charge measured
m a hodoscope elemen (see text discussion).
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FIGURE 5
The relative yields of the indicated heavy
element reaction products for the
Nb + Au reaction as a function of the
projectile energy.

However, for the high parallel momentum transfer region the fragment cente( of mass
energlesa are substantially above the Viola!] systematic which may Imply these we not
statistical decay fission products. For comparison purposes we have chosen to model
this data as If It were fission using a !raditmnal and a more modern statistical approach.
The results of the twu models are also prnsented m Fig 7. In both cases the initial stages

of the reaction are treated with the Yar w and Frankel mtra nuclear cascade modell~.
In the first analysls, the products from the cascade are analyzed with the DFF1’

statistical decay code without considering angular momentum (see ref 8 for a rrow
detailed dlscusslon). i I IIS very simple approach gives remarkably good agreement with
the experimental data. As a second approach, we have used a more refined effort’ L
It discards products from the cascade calculation hawng residual excitation energies of

greater than 1 GeV on the grounds that these nuclei will not surwve the fast coollng
process and s! Ill remain heavy enough to have appreciable fissility. The products out of
the cuscade having exckatlon energws between 300 MeV and 1 (%V mu cooloui hy 1,1:~1
nucleon emlsslon with an assumed local temperat’dre of 15 MeV. For the lllustr,;[lor~
show.1 III Flg 10, these fast partlclwi are KiSUm~d to remove the gt?omelrlcil ilv[!ri~q(’

mwgular r~lonlenturn (2 3 of the maxlrnum value) from the coollng nucleus 1he 300 MIUV
l;~lt ufl IS tdwrl as a rough .Ipproxlmntloil 10 where !;tiitlstlcil processes SIIOUICI bwllrl At
t!ll< prlclgy ttl(! rleulr~rl d~~ily 111(:~lrl](: b~~~r~l~s ~~rllp~r(~bl~ [(.)~~](+htlrlSlt tllll(! UI II



. neutron !O cross tne nucleus. We believe X IImes shorter than ~hi~ the system can no! De
wewed as sequential:{ emitting parlcles since there IS Insufficient time for the emerg Ig

panicles to leave the rwcl?ar volume. From 300 MeV to 150 Mek of excitatlof! energy

the system is allowed to statistically evaporate particles (explicitly keepl lZ track of the

angular momentum) usincj the pACEq3 code. 111this excitation energy ra~ge fission IS not
allowed to compete as a decay channel. This choice is made as a simple apprcach TO
the dissipative and flow dynamic effects that establish minimum times for which fission
can statistically compete14. Below 150 MeV, fission is allowed as a decay channe! In
PACE using the angular momentum dependent barriers of Sierkls (with the relative level

density parameters chosen to t e a~ an = 1.03). This choice of parameters IS consstent

with fitting known fission yields.
As seen in Fig 7, the simple model gives a much better fit to the experimental data.

We believe this is somewhat fortuitous since a number of known features important to the
flsslon decay process are nat included (i.e. angular momentum and disslpa?ive effec%l.
As discussed above, we also have some reason to doubt if the high parallel momentum

transfer data are from statistical fission decay and, therefore. comparison with fissicm
models may not be justified in this region. We plan to continue our analysis and apply it
to the other data sets we have experimentally measured and will report on this at a future
date12,
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